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THERMAL  CONDUCTIVITY  STANDARD  REFERENCE 
MATERIALS  FROM  4  to  300  K.  U.  OSRM  IRON-1265* 

J.  G.  Hust  and  L.  L.  Sparks 

Cryogenics  Division,  NBS-Institute  for 
Basic  Standards,  Boulder,  Colorado,  80302 

ABSTRACT 

Thermal  conductivity,  electrical  resistivity,  Lorenz 
ratio,  and  thermopower  data  are  reported  for  a  specimen 
of  OSRM  iron-1265  for  temperatures  from  4  to  300  K. 
Variability  of  this  iron  was  studied  by  means  of  electrical 
residual  resistivity  ratio  measurements  on  63  specimens. 
This  study  showed  that  with  a  two-hour  ainneal  at  1000 ®C 
one  can  expect  a  thermal  conductivity  standard  reference 
material  which  has  variability  of  less  than  1%  in  thermal 
conductivity. 

KEY  WORDS 

Cryogenics,  electrical  resistivity,  iron,  Lorenz  ratio, 
Seebeck  effect,  thermal  conductivity,  transport  properties. 
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1 .  Introduction 


Design  and  development  engineers  in  the  aerospace  industry 
continue  to  have  urgent  need  for  thermal  and  mechanical  property  data 
for  new  materials.  For  most  materials,  especially  new  or  uncommon 
alloys,  measured  values  of  thermal  conductivity  are  not  available  and 
predictions  cannot  be  made  with  adequate  confidence.  To  help  satisfy 
these  needs,  we  have  constructed  an  apparatus  for  the  simultaneous 
measurement  of  thermal  conductivity,  electrical  resistivity  and  ther¬ 
mopower.  Measurements  have  been  conducted  on  several  aerospace 
alloys,  Hust,  et  al.  [l]  Another  phase  of  this  program,  to  establish 
standard  reference  data  on  several  standard  reference  materials  has 
begun.  We  intend  to  measure  several  specimens  of  materials  which 
appear  to  be  useful  as  standards.  For  some  materials,  material  var¬ 
iability  may  be  so  great  that  only  standard  specimens  (not  standard 
materials)  will  be  useful.  Standard  reference  specimens  or  materials 
are  useful  for  intercomparison  of  existing  apparatus,  for  debugging 
new  apparatus,  and  for  calibration  of  comparative  apparatus.  The 
apparent  large  differences  between  the  results  of  various  investigators 
for  a  given  material  (50%  is  not  unheard  of)  is  evidence  of  the  need 
for  inter  comparisons,  calibrations,  and  standardization.  The  avail¬ 
ability  of  standard  reference  materials  will  result  in  more  accurate 
and  more  permanent  transport  property  data  for  technically  important 
solids. 

This  paper  contains  the  results  of  our  measurements  on  the 
transport  properties  of  an  iron  supplied  by  the  National  Bureau  of 
Standards,  Office  of  Standard  Reference  Materials  (OSRM).  This  iron 
is  designated  as  OSRM  iron-1265.  OSRM  iron-1265  was  investigated 
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primarily  to  find  a  material  similar  to  Armco  iron'*  but  less  variable. 

2.  Apparatus  and  Data  Analysis 

The  apparatus  is  based  on  the  axial  one -dimensional  heat  flow 
method.  The  specimen  is  a  cylindrical  rod  3.  6  mm  in  diameter  cUid 
23  cm  long  with  an  electric  heater  at  one  end  and  a  temperature  con¬ 
trolled  sink  at  the  other.  The  specimen  is  surrounded  by  glass  fiber 
and  a  temperature  controlled  shield.  Eight  thermocouples  are  mounted 
at  equally  spaced  points  along  the  length  of  the  specimen  to  determine 
temperature  gradients  in  the  range  4  to  300  K. 

The  experimental  data  are  represented  by  arbitrary  functions 
over  the  entire  range  and  smooth  tables  are  generated  from  these  func¬ 
tions,  The  number  of  terms  used  to  represent  each  of  the  data  sets  is 
optimized,  through  the  use  of  orthonormal  functions,  so  that  none  of  the 
precision  of  the  data  is  lost  by  underfitting  nor  are  any  unnecessary 
oscillations  introduced  by  overfitting.  A  detailed  description  of  this 
apparatus  cUid  the  methods  of  data  analysis  is  given  by  Hust,  et  al.[ll 

3.  Specimen  Characterization 

Density  as  measured  by  air  and  water  weighings  is  7.  867  g/cm® 
Rockwell  hardness  aurid  grain  size  are  B23,  5  and  0,  0507  mm  respec¬ 
tively.  Each  of  these  values  is  for  the  material  in  the  annealed  state 
as  described  in  the  following  discussion.  The  composition  of  OSRM 
iron-1265  is  as  follows: 


The  use  in  this  paper  of  trade  names  of  specific  products  is  essen¬ 
tial  to  a  proper  understanding  of  the  work  presented.  Their  use  in  no 
way  implies  any  approval,  endorsement,  or  recommendation  by  NBS. 
Armco  iron  is  a  registered  trade  name  of  a  commercially  pure  iron 
produced  by  Armco  Steel  Corporation. 
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An  extensive  resistivity  variability  study  was  conducted  on  OSRM 
iron-12  65,  the  object  being  to  determine  if  it  could  be  heat  treated  in 
such  manner  that  the  thermal  conductivity  would  be  the  same  for  each 
specimen.  This  was  achieved  with  a  2-hour,  1000 °C  anneal  in  either  a 
vacuum  or  helium  atmosphere.  The  results  of  this  study  are  shown  as 
residual  resistivity  ratios  in  table  1.  The  ratio  given  is  resistivity  at 
273.  15  K  to  resistivity  at  4  K.  Specimens  labeled  C2T,  A6L,  C5Li, 

AIL,  and  A5T  were  obtained  from  1/4”  diameter  rods;  the  remaining 
specimens  were  machined  from  1-1/4”  rods.  Based  on  the  63  residual 
resistivity  ratio  measurements  made  on  these  specimens  in  various 
stages  of  heat  treatment,  the  following  is  concluded:  The  large  1-1/4” 
diameter  specimens  are  significantly  different  in  residual  resistivity 
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ratio  from  the  smaller  1/4’*  diameter  specimens  in  the  as  received 
condition.  The  ratio  of  the  small  rods  is  2Z.  01  ±  0.20  while  the  ratio 
of  the  larger  rods  is  19.  52  ±  0.44. 

Various  heat  treatments  were  tried  to  remove  the  differences 
in  ratio  of  the  two  sets  of  rods.  After  500  for  1  hour  the  ratios  in¬ 
creased  but  were  still  different  (small  rods  =  23.  53  ±  0.20;  large  rods 
=  22.  14  ±  0.  34).  Raising  the  temperature  to  1000 °C  for  2  hours  pro¬ 
duced  rods  which  are  indistinguishable,  (small  rods  =  23.  39  i  0.28; 
large  rods  =  23.29  ^  0.20;  all  rods  =  23.33  ±  0.24).  The  variation 
shown  is  2s,  where  s  is  the  estimated  standard  deviation,  and  includes 
material  and  measurement  variability.  In  order  to  study  the  possi¬ 
bility  of  a  change  in  these  ratios  with  age,  one  set  of  rods  was  mea¬ 
sured  after  about  50  days  from  the  1000®C  treatment;  no  significant 
change  was  detected  (ratio  =  23.40  ±  0.  20).  It  was  also  believed  that 
aging  could  be  simulated  by  heating  to  400°C  for  2^  days;  however, 
this  changed  the  ratio  to  24.  94  ±  0.  2  6  with  no  difference  between  the 
large  and  small  rods.  This  change  cannot  be  explained  at  the  present 
time. 

These  measurements  show  that  OSRM  iron-1265  can  be  used  as 
a  thermal  conductivity  standard  below  room  temperature  with  a  vari¬ 
ability  of  about  1%  if  annealed  at  1000°C  for  2  hours.  We  plan  to  mea¬ 
sure  some  of  these  specimens  from  time  to  time  during  the  next  year 
to  determine  the  effect  of  long  term  aging,  i.  e,  ,  more  than  50  days. 

4.  Results 

The  transport  properties  of  OSRM  iron-1265,  specimen  A5T, 
were  measured  in  the  thermal  conductivity  apparatus.  These  data  are 
presented  in  tables  2  and  3. 

The  experimental  data  were  functionally  represented  with  the 
following  equations: 
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inX  =  y  a.  [inTl“* 
i=l 

m 

i=l 

i 

S  =  y  c.  [inT'lVx';  +  1 

i4i  ^ 

where  X  =  thermal  conductivity,  p  =  electrical  resistivity,  S  =  thermo- 
power,  and  T  =  temperature.  Temperatures  are  based  on  the  IPTS-68  \ 

scale  above  20  K  and  the  NBS  P2-20  (1965)  scale  below  20  K.  The 
parameters,  a^,  b^,  and  c^,  determined  by  least  squares,  are  presented 
in  table  4.  Further  details  of  this  procedure  are  described  by  Hust, 
et  al.[l]  The  deviations  of  the  experimental  data  from  these  equations 
are  given  in  tables  5  through  7  and  in  figures  1  through  3.  The  hori¬ 
zontal  bars  in  figures  2  and  3  indicate  the  temperature  span  across  the 
specimen  for  each  run.  The  '^observed'*  thermal  conductivities  are 
computed  from  the  mean  temperature  gradients  indicated  by  adjacent 
thermocouples.  Calculated  values  of  X,  p,  S,  and  L  =  pX/T  (Lorenz 
ratio)  are  presented  in  table  8  and  in  figures  4  through  7. 

A  detailed  error  analysis  for  this  system  has  been  presented 
previously  by  Hust,  et  al.  [l]  Based  on  this  analysis  of  systematic  and 
random  errors  the  uncertainty  estimates  (with  95%  confidence)  are  as 
follows: 


(2) 

(3) 
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thermal  conductivity: 


2.  5%  at  300  K,  decreasing  as  to 
0.  70%  at  200  K,  0.  70%  from  200  K  to 
50  K,  increasing  inversely  with  tem¬ 
perature  to  1.  5%  at  4  K. 

electrical  resistivity:  0.  25% 

thermopower:  0,  5%  +  0.  2  |aV /K  at  4  K,  0.  2%  + 

0.  05  [xY/K  at  30  K,  and  0.  1%  + 

0.  03  ^V/K  above  76  K. 

The  thermopower  values  given  here  are  absolute  values  although 
our  measurements  were  carried  out  with  respect  to  normal  silver  wire. 
The  absolute  thermopowers  of  normal  silver  reported  by  Borelius,  et 
al.  [3]  were  used  to  convert  the  experimental  data  to  the  absolute  scale. 

5.  Discussion 

This  iron  is  purer  than  the  Armco  iron  previously  measured.  [2] 
The  residual  resistance  ratio  is  near  23  compared  to  13  for  Armco  iron. 
Also  the  Lorenz  ratio  shows  a  more  pronounced  dip  at  65  K  as  is  ex¬ 
pected  for  a  more  pure  material.  A  preliminary  examination  of  the 
intrinsic  resistivity,  p.,  computed  from  Mathies sen’ s  rule  reveals  a 
dependence  of  on  p^.  An  attempt  will  be  made  in  the  future  to  correl¬ 
ate  both  the  Lorenz  ratios  and  apparent  intrinsic  resistivity  changes  with 
the  residual  resistivity. 
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Notes  Relating  to  Tables 

Table  Z 

The  data  listed  are,  in  part,  card  images  of  experimental  data 
as  read  into  the  computer  for  data  processing.  These  data  are  not 
clearly  labelled.  The  following  is  a  line  by  line  explanation  of  this 
table: 

1st  line  -  Data  identification. 

2nd  line  -  Thermocouple  emfs  ([JbV). 

3rd  line  -  Seebeck  emf  (fjbV),  specimen  current  (mA),  specimen 
voltage  drop  (|iV). 

4th  line  -  Sample  heater  voltage  ([JiV),  current  (mA),  platinum 

resistance  thermometer  voltage  {[iV),  platinum  resis¬ 
tance  thermometer  current  (mA),  cryogenic  bath 
pressure  (mm  of  Hg),  room  temperature  (®C),  code 
indicating  type  of  cryogenic  bath  (1  =  liquid  helium, 

2  =  liquid  hydrogen,  3  =  liquid  nitrogen,  4  =  dry  ice- 
alcohol,  5  =  ice-water) , 

5th  line  -  Thermocouple  temperatures  (K). 

6th  line  -  Heater  power  (W),  reference  temperature  (K),  speci¬ 
men  resistance  (Q). 

Table  3 

The  data  listed  are,  in  part,  card  images  of  experimental  data 
as  read  into  the  computer  for  data  processing.  These  data  are  not 
labelled  clearly.  The  following  is  a  line  by  line  explanation  of  this 
table: 

1st  line  -  Data  identification. 
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2nd  line  - 


Platinum  resistance  thermometer  voltage  (iJiV),  cryo¬ 
genic  bath  pressure  (mm  of  Hg),  room  temperature  (°C), 
platinum  resistance  thermometer  current  (mA),  code 
indicating  type  of  cryogenic  bath  (1  =  liquid  helium, 

2  =  liquid  hydrogen,  3  -  liquid  nitrogen,  4  =  dry  ice- 
alcohol,  5  =  ice-water),  specimen  current  (mA),  speci¬ 
men  voltage  (iJ.V),  mean  emf  of  eight  thermocouples  ([xV). 
3rd  line  -  Reference  temperature  (K),  specimen  resistance  (Q), 
specimen  temperature  (K). 

Tables  5,  6,  and  7 

These  data  are  semi-processed  computer  output.  Temperature 
is  in  Kelvin,  thermal  conductivity  is  in  Wm’^K"^,  electrical  resistance 
is  in  ohms,  and  thermovoltage  is  in  |j,V. 
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Table  1.  Residua!  resistivity  ratio  (P373  k /P4 k  )  of  OSRM  iron- 1265 


Specimen 

Ratio 

As 

received 

SOO'-C 

Ihr 

500''C 

8  hr 

1000°C 

2  hr 

400'’C 

Zy  days 

Aging 

50  days 

C2T 

A6L 

C5L 

AIL 

A5T 

21.97(a) 

22.16 

21.94 

22.  04 

22.  03(b) 

23.  53 

24.12  ! 

23. 31(e) 
23.22(f) 
23.40(f) 
23.  59(‘^) 
23.42(f) 

24.  84 
24.85 

25.00 

24.97 

23.47 

23.52 

23.42 

2A-1-1 

2A-1-2 

2A-1-3 

2A-1-4 

2A-3-1 

2A-3-2 

2A-3-3 

2A-3-4 

20-1-1 

2C-1-2 

2C-1-3 

2C-1-4 

2C-3-1 

2C-3-2 

2C-3-3 

2C-3-4 

19.  35 

19.  50 

19.  30 

19.  38 

19.  77 

19.  92 

19.  73 
19.93 

19.42 

19.  12 
19.46 

19.  56 

19.  34 
19.49 

19.  57 
19.40 

21.96 

22.  32 

23.47(e) 
23. 31(c) 

25.  12 

25.  24 

23.  35 

23.27(f) 

23.20(e) 

23.20(c) 

21.83 

22.  25 

24.94 

25.  01 
23.25(d) 

■ 

21.70 

22.00 

23.23(e) 

23.41(c) 

_ 

23.44 

23.40 

21.93 

21.99 

23.27(e) 

— 

23.40 

— 

(a)  repeat  measurement  21.91 

(b)  ratio  of  AST  thermal  conductivity  specimen  21 . 89 

(c)  these  were  heat  treated  in  vacuum,  the  remaining  were 
heated  to  1000®C  in  a  helium  atmosphere  (1  atm  pressure), 

(d)  repeat  measurements  =  23.39,  23.31 

(e,f)  these  were  done  in  separate  heat  treatments  to  detect 

reproducibility  of  heat  treatment 
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Thermal  conductivity  data  for  iron  osrm  june  t  uas  is 

I3.S2  27. 9C  56.45  44.82  52.56  60.50  68.49  76.00 

0.77  200.00  15.54 
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Table  2  (continued) 
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Table  3.  Basic  semi-processed  isothermal  electrical  resistivity  data  for  OSRM  iron- 1265 
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Table  4.  Parameters  in  equations  1,  2,  and  3  for  OSRM  iron- 1265 
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Table  5.  Thermal  conductivity  deviations  for  OSRM  iron- 1265, 
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Thermal  conouctivitv  data  for  iron  osrh  june  2. to  iosz  is 

tCAN  TEMPERATURE  OBSERVED  CALCULATED  PERCENT 

TEMPERATURE  DIFFERENCE  THERMAL  THERMAL  DEVIATION 
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TtCRMAi.  conductivity  DATA  FOR  IRON  OSRH  MAY  26,70  918  4 

YCAN  TEMPERATURE  OBSERVED  CALCULATED  PERCENT 

TEMPERATURE  DIFFERENCE  THERMAL  THERMAL  DEVIATION 
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Table  5  (continued) 
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Table  6.  Electrical  resistivity  deviations  for  OSRM  iron- 1265. 
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Table  7.  Thermovoltage  deviations  for  OSRM  iron- 1265 
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Table  8.  Transport  properties  of  OSRM  iron- 12  65 
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Electrical 
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Figure  2.  Electrical  resistivity  deviations  for  OSRM  iron- 1265 
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